Heat resistance of spores of Bacillus strains was compared with the temperature adaptation of each strain as measured by the optimum and maximum growth temperatures and the heat resistance of vegetative cells. Maximum growth temperatures ranged from 31 to 760C and were little affected by the nature of the growth medium. The temperature giving maximum growth rate was closely correlated to the maximum temperature for growth, and about 60C lower. Vegetative-cell heat resistance, determined on exponential-phase cells, was also correlated with maximum growth temperature. The temperature at which spores were inactivated with a decimal reduction time of 10 min was in the range of 75 to 1210C. This temperature was 46 ± 70C higher than the maximum growth temperature and correlated with it and the other cell parameters. Spore heat resistance can be considered to have two components, the temperature adaptation characteristic of the species and the stabilization conferred by the spore state.
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The very large difference in heat resistance between spores of different species has often been remarked upon (17, 19) . Some insights into the mechanism of heat resistance in spores may be gained by comparison of spores having different degrees of heat resistance. For example, analyses of spores of Bacillus strains showed a correlation between diaminopimelic acid content and heat resistance (17) . It seems more than likely, however, that differences in heat resistance between species are dependent not only on the effectiveness of the heat resistance mechanism of the spore, but also to a large degree upon the temperatures to which the species is adapted. Bacillus and Clostridium are unusual genera in the very wide range of temperatures at which different species can grow. Some thermophilic members grow above 700C, whereas psychrotrophs grow at 10C. In general, thermophilic species have much more heat-stable enzymes than mesophiles or psychrotrophs (4, 12, 21) . When placed in the protective environment within the spore, enzymes from thermophiles would be expected to be relatively more heat stable and thermophilic spores relatively more heat resistant. The tendency for thermophilic species to produce spores more resistant than those of mesophiles is commonly observed. Bergey (5) suggested that the great heat resistance of spores from thennophiles might be related to their high optimum growth temperature. More recently, Michels and Visser (15) have assembled data to demonstrate the generally higher heat resistance of spores of thermophilic species and the lower resistance typical of psychrotrophic species.
The aim of the present work was to obtain quantitative data on the relationship between the temperature adaptation of Bacillus species and the heat resistance of their spores. Temperature adaptation has been measured in three ways: optimum growth temperature (OGT), maximum growth temperature (MGT), and cell heat resistance. Species that show higher than average spore heat resistance with respect to the temperature adaptation may have a relatively more effective protective mechanism in their spores and will be candidates for a study of OGT. The temperature at which cultures grew most rapidly was determined using the standard growth medium. A typical result is shown in Fig. 1 (Table 2 ) as a cell death temperature (CDT), which is the temperature at which D = 10 min. As inactivation rates were very temperature dependent (z = 4 to 7°C), irregularities in inactivation rates had only small effects on the CDT. CDTs were mostly similar to the respective MGTs, exceptions being the psychrotroph B. macquariensis and B. cereus subsp. mycoides, whose CDTs were 6 to 70C above their respective MGTs. On the other hand, in the thermophilic species, CDTs were a little less than the corresponding MGTs. The lower values found in the heat resistance assay, as compared with growth measurement data, probably resulted from the sensitivity of the cells to sudden dilution and temperature changes that were inherent in the former technique but carefully avoided in the latter. These values show in thermophiles that, near the MGT, cell growth and death are nearly balanced. This was confirmed by the observation, during determination of MGT of several thermophiles, of a total loss in viability just above the MGT.
Heat resistance of spores. Spore death temperatures (SDTs) were between 82 and 1200C (Table 2 ) and were an average of 460C above the respective CDTs. Most of the spore preparations showed approximately first-order inactivation kinetics, and viable spore counts were greater than 30% of the microscopic spore counts. Values of z were between 4.5 and 10.50C.
Where the semilogarithmic plot was nonlinear, an average D value for the first two decades was normally used. The strains having lower viabilities and nonlinear inactivation kinetics were B. mnacquariensis, B. brevis DSM30, and all strains with an SDT above 1050C. Three of the thermophiles showed simple heat activation, and in these cases slopes were extrapolated to zero heating time.
VoL 134, 1978 Effect of Ca2+ treatment of spores on their heat resistance. The heat resistance of spores can-be altered greatly by manipulation of their exchangeable cations (3) . Recently Alderton et al. (2) found that treatment of a preparation of Clostridium botulinum spores with Ca2" greatly increased its heat resistance. These spores, however, were grown in Ca-deficient media, and since all spore crops in the present study were grown with Ca2+-supplemented media they would be expected to show optimal heat resistance. To test this, 10 spore preparations were treated with Ca2" (Table 3 ). No changes in the refractility of treated spores were detected, but viable counts generally were reduced. Decimal reduction times showed both increases and decreases but in no case corresponded to a change in SDT of more than 2°C. The largest change was with B. brevis B636. Untreated spores of this strain showed a complex heat inactivation curve (Fig. 2) suggestive of a mixture of sensitive spores and more resistant, heat-activated spores. Ca2+ treatment appears to have converted sensitive spores to resistance and increased SDT by 20C.
Relationships between growth and heat resistance parameters. The results in Table  2 show that the several temperature parameters measured on vegetative cells give a generally consistent indication of the temperature adaptation of each species. All were highly correlated and each was correlated with SDT to a similar extent (Table 4) . Slopes of the regression equa- 704 WARTH spore protective increment is expected to be approximately additive to the intrinsic stability. On this basis, the results show that thermophiles on the average do not have a greater spore protective increment than mesophiles or psychrotrophs and that the wide range in heat resistance of spores is accounted for not so much by differences between species in the spore protective increment, which varied between 42°C and 59°C with respect to MGT, but more as a consequence of the very wide range of temperature adaptation (over 45°C) found in Bacillus species. A consequence of the limited natural variation of the spore protective increment is that the most heat-resistant spores will all be formed by thermophiles and, conversely, unless species are found with very much more effective heat-protective mechanisms, that the SDT of psychrotrophic species will be limited to about 90°C. This also provides one explanation for the preeminence of the heat resistance of bacterial spores, that is, that other organisms that form spores or desiccated resting forms are not thermophilic.
Several species which have high spore heat resistance with respect to their temperature adaptation have been identified in this survey. Most of these had been isolated from heat-processed food and hence were strongly selected for high heat resistance. 134, 1978 other specific defect lowers the SDT significantly.
Murrell and Warth (17) found a correlation between the heat resistance and diaminopimelic acid content of spores of 18 Bacilus strains. Reexamination of their data for those strains in common with the present study shows that diaminopimelate content correlates with the spore protective component of heat resistance and to a lesser extent to the temperature adaptation of the species component.
The extensive literature on heat resistance of bacterial spores generally shows the same relationships between growth temperature requirements and SDT as found in this study, but the lack of precise data on temperature requirements for growth precludes a close comparison in most cases. Ingram (10) and Michels and Visser (15) have compiled spore heat resistance data for psychrotrophic, mesophilic, and thermophilic species of Clostridum and BaciUus. Psychrotrophic species were not well represented in the present study, but data of Shehata and Collins (20) , Michels and Visser (15) , and Roberts ana Derrick (18) show that the differences between MGT and SDT are also in the range of 42 to 60°C. Among other spore forming genera, Thermoactinomyces vulgaris spores were in the normal range of heat resistance with SDT -MGT = 43°C (7). Sporosarcina urea spores were relatively less resistant, with CDT -SDT = 34°C (13) . Candidates for exceptional spore resistance mechanism from reported data are: C. thermosaccharolyticum, which had an OGT of 54°C and an SDT of 129°C (23) , and a mesophilic strain of B. cereus, which had a D 121°C of 2.3 min and an OGT of 35°C (6) .
